We have recently provided evidence for anticipatory grasp control mechanisms in the kinematic domain by showing that subjects modulate digit placement on an object based on its center of mass (CM) when it can be anticipated (Lukos et al., 2007). This behavior relied on sensorimotor memories about digit contact points and forces required for optimal manipulation. We found that accurate sensorimotor memories depended on the acquisition of implicit knowledge about object properties associated with repeated manipulations of the same object.
Introduction
Studies of grasping have reported that one or two object lifts are often sufficient for the formation of sensorimotor memories allowing for anticipatory digit force modulation to object properties such as weight, texture, or center of mass (CM) (Gordon et al., 1993; Burstedt et al., 1999; Johansson et al., 1999; Reilmann et al., 2001; Rearick and Santello, 2002) . We have reported evidence for the presence of anticipatory control mechanisms also for contact points on an object. Specifically, the spatial distribution of contact points was modulated when subjects had implicit knowledge of object CM location resulting from direct somatosensory information acquired through lifting the object. This knowledge allowed subjects to anticipate the necessary forces required to minimize object roll during lift. However, when CM could not be anticipated, subjects used a "default" distribution of contact points and object roll was significantly larger (Lukos et al., 2007) .
Whereas the above research focused on the effect of implicit knowledge of object properties on grasp performance, much less is known about subjects' ability to use explicit knowledge for the planning and execution of grasp. For example, subjects are unable to use arbitrary visual cues to accurately scale digit forces to object CM (Salimi et al., 2003) . Similarly, verbal cues about the magnitude of impending collisions between a pendulum and a grasped object (Turrell et al., 1999) or object weight (Flanagan and Beltzner, 2000) did not allow subjects to properly scale digit forces. These studies found that anticipatory force control mechanisms are more effective when resulting from motor experience than through explicit knowledge of object properties. In contrast, other studies have reported that arbitrary visual cues are just as effective as motor experience for force scaling to object weight (Cole and Rotella, 2002; Chouinard et al., 2005; Nowak et al., 2007; Ameli et al., 2008) . It should be emphasized that all of these studies focused on the effect of explicit knowledge on force planning, ignoring contact point modulation as an integral part of anticipatory control of manipulation (Friedman and Flash, 2007) .
The present study was designed to determine the effect of explicit knowledge of object CM on anticipatory control of digit contact points and forces. Specifically, we wanted to quantify the extent to which anticipatory control of grasping, based on sensorimotor memories derived from previous manipulations (implicit knowledge), could be replaced by providing subjects with explicit knowledge about CM. This question was addressed by providing verbal or visual cues while randomly changing CM location from trial to trial, hence preventing subjects from developing stable sensorimotor memories. This random condition was compared with a blocked condition in which CM was invariant across trials. Based on the aforementioned evidence of subjects' inability to use cues for anticipatory control of digit forces to object CM, we hypothesized that explicit knowledge of CM would not allow subjects to (1) appropriately anticipate the forces necessary to minimize object roll or (2) modulate contact points to CM location.
Materials and Methods

Subjects
Twelve right-handed healthy subjects (six female and six male, ages 21-43 years) with normal or corrected-to-normal vision participated in the experiments. All subjects were naive to the experimental purpose of the study. Each subject gave informed consent to participate in the study according to the Declaration of Helsinki, and the experimental procedures were approved by the Institutional Review Board at Arizona State University.
Experimental task
We asked subjects to reach, grasp, lift, and replace a cylindrical object with their right hand. The cylinder of the object was made of sturdy cardboard covered with black matte tape for uniform texture. Affixed to the cylinder was a wooden rectangular base, making the object look like an inverted "T" (Fig. 1 A) . The cylinder was aligned with the subject's midline (Fig. 1 D) . The CM of the object was changed by adding a mass (0.4 kg) in the base of the object in one of three slots, i.e., left, center, or right ( Fig. 1 A) . The total weight of the object with the added mass was 0.81 kg.
Subjects were asked to perform this task by using the fingertips of all digits, but no instructions were given on where to grasp the object along the cylinder. The only task requirement was to minimize object roll while lifting the object vertically (ϳ15-20 cm above the table). Subjects performed the task at a self-selected speed. These instructions were the same as those used in our previous study (Lukos et al., 2007) , in which subjects were not provided with explicit knowledge about the CM location of the object.
In the present study, we designed two experiments to quantify the effect of explicit knowledge about CM location on planning multidigit contact points and forces. Specifically, we presented subjects with either a verbal or visual cue about object CM ("verbal cue" and "visual cue" experiments; see below). Within each experiment, subjects were informed that object CM was going to be changed either across blocks of trials ("blocked" condition) or in a pseudorandomized order from trial to trial ("random" condition). Note that random trial-to-trial changes prevent planning of digit forces and contact points as a function of object CM location because implicit knowledge gained from trial n cannot be used on trial n ϩ 1 (Lukos et al., 2007) . Therefore, the ultimate goal of both experimental designs was to determine whether subjects could use cues (explicit knowledge) in the random condition to anticipate digit contact points and forces to the same extent as when they gained information about the object through repeated manipulations (implicit knowledge) in the blocked condition. Using two types of cues also afforded us the opportunity to test whether their effect(s) on anticipatory control of contact points and digit forces is specific to the type of cue being used to convey CM location.
Verbal cue experiment. Before reach onset, we told subjects the location of the added mass, e.g., "The mass is now on the left." Before the experiment started, subjects were told that the designation of "left" and "right" was relative to their frame of reference, i.e., thumb and finger side of the object, respectively. For this experimental condition, subjects were not allowed to see the location of the added mass (Fig. 1 B) .
Visual cue experiment. Subjects were allowed to view the location of the mass, added at the base of the object, before movement onset as well as for the entire duration of the trial (Fig. 1C) . No verbal information about CM location was given to the subjects.
The verbal cue and visual cue experiments were run in the same session as the "no cue" experiment whose results were described previously by Lukos et al. (2007) . Note that the predictability conditions in the present study (blocked and random) are equivalent to "predictable" and "unpredictable" conditions, respectively, by Lukos et al. (2007) . Each experiment was run as a block, but the order of the experiments and conditions was counterbalanced across subjects (see Fig. 4 ). Subjects performed 15 experimental trials (3 CM locations ϫ 5 repetitions) for both the random and blocked condition for a total of 30 trials per experiment. The order of CM blocks and CM locations was also randomized across subjects for the blocked and random conditions, respectively (see Fig. 4 , gray and white boxes). Furthermore, the presentation of object CM was designed such that subjects never experienced the same CM location when transitioning from one condition or experiment to another. We used this design to prevent transfer of implicit knowledge of a given object CM to a different condition or experiment (statistical analyses confirmed that no transfer occurred; see Results). Because subjects could not anticipate CM location for the first trial of the blocked condition based on previous Figure 1 . Experimental setup. A shows the object (frontal plane) used for our reach-to-grasp task, the location of the reflective markers, and the slots where a mass was added to change object CM location. Object rolls toward the thumb and finger sides were defined as negative and positive angles, respectively, relative to the vertical ( y) in the gravitational frame of reference. For the verbal cue experiment (B), subjects were told on each trial where the mass was added but were not allowed to view the location of the added mass (dashed lines denote CM placement, not visible to subjects). In contrast, for the visual cue experiment (C), subjects were allowed to see the location of the added mass but received no verbal cue. Note that the view of the object in A-C are depictedfromthesubject'sperspective.Dshowstheapproximatelocationofthecamerasandtheworkspaceusedformotioncapture(top view; figure is not to scale). The photo shows start hand posture together with marker placement on the hand and wrist. experience, we gave subjects one practice trial followed by five experimental trials for each CM location.
Data recording
The experimental procedures used for recording and processing hand and object kinematics have been described in detail by Lukos et al. (2007) . Briefly, movement of the hand and object was recorded using a near-infrared camera motion capture system (Eagle-4 Digital System; frame rate, 100 Hz; shutter speed, 800 frames/s; Motion Analysis Corporation). Seven cameras were placed in a semicircle 1-1.5 m from the subject, who was seated at a table where the object was placed (Fig. 1 D,  left) . Each subject was outfitted with lightweight retro-reflective markers (4 -6 mm in diameter) on the hand (Fig. 1 D, right) . The spatial accuracy of the recording system was ϳ0.15 mm in the x, y, and z planes.
Analysis of hand kinematics focuses on the spatial distribution of digit contact points as defined by the marker placed on the center of each fingernail (see photo in Fig. 1 D, right) . Markers were also placed on the top and sides of the object (Fig. 1 A) to determine (1) object lift onset, (2) object roll, and (3) the spatial distribution of the fingertips relative to the object (see below). Because our protocol was designed to let subjects choose digit placement, we could not use force sensors at fixed locations on the object to measure individual digit forces. However, the behavioral outcome, peak object roll, is an indirect measure of anticipatory force control, with smaller rolls being evidence of more accurate digit force scaling to the expected external torque after onset of object lift (Salimi et al., 2000 (Salimi et al., , 2003 .
Data processing
Each trial was visually inspected to verify proper marker identification and the absence of movement artifacts (for details, see Lukos et al., 2007) . These data were then run through a low-pass Butterworth filter with a 6 Hz cutoff.
Digit kinematics. For the analysis of fingertip location, we measured the anteroposterior and vertical coordinates (z-axis and y-axis, respectively) (Fig. 1C ,D, see spatial frames of reference) of fingertip position at the time of contact with the object. "Contact time" was defined as the time at which the tangential velocity of the marker on the tip of each digit reached its minimum value between the time of peak wrist velocity ( Fig.  1 D, right, defined by a marker on the radius) and object lift onset (defined below). For each trial, we verified accuracy of this algorithm offline by using measures computed from the object model (cylinder diameter) and the hand model (distance between the thumb and the digits). We found that fingertip tangential velocity accurately defined the time of contact between the fingertip and the object (for details, see Lukos et al., 2007) . "Contact points" were defined as the anteroposterior and vertical coordinates of fingertip location at contact time. We transformed the yand z-coordinates of each fingertip to an object-centered frame of reference by expressing them relative to the y-and z-coordinates of the center of the base of the cylinder (0,0).
Object kinematics. "Object lift onset" was defined as the time at which the tangential velocity of the top center marker of the object crossed a velocity threshold of 5 mm/s and remained above it for longer than 200 ms (Lukos et al., 2007, their Fig. 2) . Initiation of "corrective responses," indicated by object roll reversal, coincides with peak object roll occurring during object lift (for details, see Lukos et al., 2007) . We measured "peak object roll" on the x-y plane, defined as the angle between the gravitational vertical and the line connecting top and bottom markers on the cylinder. In most trials, peak object rolls (ranging from approximately Ϫ22°to ϩ24°) occurred at reaction time latencies, i.e., ϳ180 -250 ms after object lift onset. However, in a few cases, peak object roll occurred later than these latencies, particularly for the blocked condition, because it resulted from overcompensation of the corrective response. Because we were interested in object roll minimization resulting from anticipatory control mechanisms, as done in our previous work, the behavioral analysis focused on the initial roll occurring before the end of object lift (see Fig. 5 A, vertical solid lines). Last, we measured "time to peak roll" defined as the latency between object lift onset and the time at which peak roll occurred. This variable was analyzed to quantify how long subjects took to generate adequate forces to counteract object roll. Longer times to peak object roll indicate suboptimal planning of digit force distributions. We wrote custom software (Matlab; MathWorks) to compute all of the above variables.
Statistical analyses
Statistical analysis of contact point modulation and object roll minimization was performed on the experimental trials for the blocked and random conditions for each cue experiment. Averaged data from verbal cue and visual cue experiments were analyzed with separate ANOVAs. We performed each ANOVA with repeated measures with "predictability condition" (blocked vs random) and "CM location" (left, center, and right) as within-subject factors on the following variables: (1) contact point of each digit, (2) peak object roll, and (3) time to peak object roll. Statistical analyses for peak object roll were performed on the absolute value of the data as explained by Lukos et al. (2007) . Comparisons of interest were further analyzed using post hoc t tests with Bonferroni's corrections (␣ level ϭ 0.05). Additional analyses in Results focus on individual trial responses to describe the time course of the learning processes associated with the presence of a cue.
Results
Contact point modulation as a function of object CM Consistent with our previous work (Lukos et al., 2007) , maximum modulation of contact points across CM locations in the anteroposterior dimension (i.e., rotation of the hand around the circumference of the cylinder) was small (verbal cue, from 2.0 mm at the ring finger to 6.9 mm at the index finger; visual cue, from 4.0 mm at the middle finger to 8.3 mm at the index finger). In contrast, maximum modulation of contact points in the vertical dimension was from 6.2 mm at the little finger to 18.1 mm at the thumb for the verbal cue and from 3.4 mm at the little finger to 27.0 mm at the thumb for the visual cue (on average, more than a threefold difference in the vertical vs anteroposterior maximum modulation of contact points). Therefore, all analyses presented below were performed only on the vertical fingertip position.
When CM was changed on a trial-to-trial basis, subjects were able to use either cue to associate the expected torque with a distribution of contact points similar to that used when CM was the same across several consecutive trials. Specifically, when the experimenter told the subjects the location of the CM (verbal cue), subjects responded to random trial-to-trial changes in object CM by modulating contact points. In both blocked and random conditions, subjects lowered the thumb and raised the index finger when comparing left with right CM locations (Fig. 2 , second column). The same conditions caused weaker modulation of contact points for middle, ring, and little fingers. The ANOVA revealed a main effect of CM location for all five digits (thumb and index finger, F (2,100) ϭ 41.65 and 21.68, respectively, both p Ͻ 0.0001; middle, ring, and little fingers, F (2,100) ϭ 10.26, 7.069, and 6.57, respectively, all p Ͻ 0.01). However, no main effect of predictability condition or significant interaction between CM location and predictability condition was found for any of the digits.
When subjects were allowed to view the location of the added mass (visual cue), we found similar results as those described for the verbal cue experiment. Specifically, contact points of the thumb and index fingers were modulated to CM location in both blocked and random conditions (Fig. 2, third column) . The effect of CM location on contact points of the thumb and index finger were much larger than for the remaining digits.
These qualitative observations were confirmed by ANOVA. We found a main effect of CM location on thumb and index finger contact points (F (2,100) ϭ 30.96, p Ͻ 0.0001 and F (2,100) ϭ 4.41, p Ͻ 0.05, respectively) but not on contact points of the other digits. We also found a main effect of predictability condition on contact points of most digits (thumb, index, middle, and ring fingers, F (1,50) ϭ 8.92, 9.70, 6.97, and 6.47, respectively, all p Ͻ 0.05). This effect was caused by the slightly higher (ϳ7 mm) digit positions for the random compared with the blocked condition. However, post hoc analysis revealed that these differences in predictability condition failed to reach statistical significance for any of these digits. No significant interaction was found between predictability condition and CM location.
The relationship between contact points and object CM found for the blocked condition was not identical to that elicited by random CM presentations, this being particularly clear for the visual cue experiment (Fig. 2, third column) . Nevertheless, the fact that modulation of thumb and index finger contact points occurred as a function of object CM in the random condition does not support our hypothesis, because it indicates anticipatory control in response to object CM cued either verbally or visually. The lack of significant interaction between CM location and predictability condition in either cue experiment indicates that a similar modulation of contact points to object CM location occurred regardless of blocked versus randomized CM presentation.
Data from the no cue experiment (Lukos et al., 2007) are shown in the first column of Figure 2 for comparison with the data from verbal cue and visual cue experiments. When subjects were given no cue about the CM location, although it could be predicted based on previous experience (blocked condition), the vertical location of fingertip contact points varied depending on CM location. In contrast, in the random condition, subjects chose a similar distribution of contact points regardless of object CM location resembling that of the center CM location during the blocked condition.
Covariation between pairs of fingertip contact points
We used linear regression analysis to quantify the extent to which the contact point of a given digit covaried with that of another digit (for more details on the rationale, see Lukos et al., 2007) . Figure 3 depicts the covariation patterns between all digit pairs (r values) as polar plots for each experiment. For each plot, the closer the dot is to the center of the circle (r ϭ 0), the greater the independence between pairs of contact points. The linear regression revealed that, when subjects were given a verbal or visual cue about CM location, similar patterns of covariation between pairs of contact points were found in the blocked and random conditions (Fig. 3, middle and right polar plots) . Note, however, that data from the no cue experiment revealed dissimilar covariation patterns between blocked and random conditions, i.e., greater independence in the former than the latter condition (Fig. 3 , left polar plot). Figure 4 shows peak object roll plotted throughout the trial sequence from all subjects (labeled as s1 through s12), blocked and random conditions (gray and white boxes, respectively), and no cue, visual cue, and verbal cue experiments (labeled No, Visual, and Verbal, respectively). Several observations can be made about subjects' performance. (Lukos et al., 2007) , verbal cue, and visual cue experiments (left, middle, and right polar plot, respectively). The r values shown in each polar plot were averaged across all subjects. Black and white dots denote blocked and random conditions, respectively. T, I, M, R, and L denote thumb, index, middle, ring, and little fingers, respectively. The r values were z-normalized before averaging across subjects (r values closer to 0 indicate greater independence between finger contact point pairs).
Peak object roll minimization
(1) Within each blocked condition, the first trial (practice trial) of each CM was often associated with the largest peak object roll followed by a sudden drop in magnitude in the succeeding trials. This indicates that subjects were able to use sensorimotor information gained on the practice trial to anticipate object CM location on subsequent trials.
(2) In the no cue experiment, the random sequence of object CM locations prevents subjects from minimizing object roll to the same extent as the blocked sequence, as indicated by large trial-to-trial fluctuations in peak object roll magnitude. The difference in performance between blocked and random conditions was also found when CM location was cued, although this difference appears to be smaller than in the no cue experiment. This suggests that the cues might have allowed subjects to anticipate object CM location to some extent during the random condition.
(3) Occasionally, peak object rolls during the random sequences were smaller than when transitioning from one CM to another (on the practice trial) within the blocked sequence, e.g., s3, s8, s9, s11. This might have occurred because, in the blocked trials, subjects were exposed to a sudden change of object CM right after having experienced a different CM for several consecutive trials.
Statistical analyses revealed that peak object roll was minimized to a greater extent in the blocked condition compared with the random condition in all three experiments (Fig. 5) . Providing either a verbal or visual cue about CM location, however, allowed the subject shown in Figure  5A (subject 8) to minimize object roll in either of the cued random conditions to an extent that was somewhat intermediate between the performance elicited by the blocked conditions and that associated with the no cue random condition. The statistical analyses below confirmed this pattern to be common to all subjects (Fig.  5B) .
When subjects were given either a verbal or visual cue about object CM location, we found a significant main effect of CM location (verbal cue, F (2,100) ϭ 10.45, p Ͻ 0.01; visual cue, F (2,100) ϭ 15.12, p Ͻ 0.01) and predictability condition (verbal cue, F (1,50) ϭ 49.60, p Ͻ 0.01; visual cue, F (1,50) ϭ 33.74, p Ͻ 0.01) (Fig. 5B) , as well as a significant interaction between these two factors (verbal cue, F (2,100) ϭ 3.23, p Ͻ 0.05; visual cue, F (2,100) ϭ 4.40, p Ͻ 0.05). This interaction was caused by larger peak object rolls in the random conditions when object CM location was on the right (average difference of 2.5°). Larger object rolls in the cued random versus blocked conditions were also found for left CM location (average difference of 1.2°), but these differences failed to reach statistical significance. A tendency of greater rolls for right versus left CM location in the random condition was also observed in the no cue experiment, although this difference (0.5°) was smaller than for both cue experiments (see above). These findings support our hypothesis that subjects would be unable to use explicit knowledge to anticipate digit forces to the same extent for both random and blocked conditions.
The random condition of the no cue experiment was characterized by significantly larger rolls for left and right CM locations (mean peak roll, 7.8°and 8.3°, respectively) than for the blocked condition (mean peak roll, 2.7°and 3.4°, respectively), whereas similar rolls between the two predictability conditions were found for the center CM location (1.7°and 3.2°, respectively). Figure 6 shows the distribution of object rolls across all trials and pooled across all subjects from each predictability condition and cue experiment. Comparison of the random data between the verbal cue or visual cue data with the no cue data suggests that subjects were better able to minimize object roll with than with- 1-12 (s1-s12) . Data on the left, middle, and right columns denote experimental sessions that started with the visual cue, verbal cue, and no cue experiment, respectively (labeled as Visual, Verbal, and No). For each experiment, trials from blocked and random conditions are indicated by gray and white boxes, respectively. Red, black, and blue symbols denote peak object roll for left, center, and right CM location trials, respectively. Note that the order of experiments, predictability conditions, and CM blocks (blocked condition) was counterbalanced across all subjects.
Peak object roll distribution
out cues about CM location, i.e., fewer trials characterized by large object rolls in either direction. Nevertheless, for either cue experiment, the central region of the peak object roll distribution is higher in the blocked than in the random condition. Therefore, it appears that subjects were not able to use the cues to optimally minimize object roll for the random condition as well as they did for blocked trials. To quantify these observations, two variables were computed from the peak roll distribution of each subject: (1) variance of peak rolls averaged across all CM locations and (2) number of trials in which the object rolled within Ϯ2°from the vertical. Figure 7A shows data from each subject as well as the mean variance computed across all subjects. Both verbal and visual cues about CM location allowed subjects to better counteract object torque than in the no cue experiment, as revealed by a reduction in the magnitude of peak object roll in the random condition despite trial-to-trial changes in object CM location. t tests revealed similar variances in the peak object roll distributions in the random and blocked conditions when subjects were given either a verbal or visual cue ( p values Ͼ0.05), but significant differences were found between the blocked and random conditions of the no cue experiment (t (22) ϭ Ϫ3.40, p Ͻ 0.01).
Variance of peak object roll
Optimal minimization of object roll
More than half of the trials from the blocked conditions were characterized by very small peak object rolls, i.e., within Ϯ2°relative to the vertical (Fig. 6 , left column). Therefore, we used it as a measure of optimal minimization of object roll (Fig. 7B) . The random condition was characterized by a significantly smaller number of trials in which subjects could minimize object rolls within Ϯ2°from the vertical compared with the blocked condition, regardless of cues (t tests, t (22) ϭ 4.28, 3.42, and 2.99 for no cue, verbal cue, and visual cue, respectively; all p Ͻ 0.01).
Time to peak object roll
When subjects were given either a verbal or visual cue, time to peak object roll was similar for both the blocked and random condition (verbal cue, 197 and 205 ms; visual cue, 219 and 211 ms, blocked and random, respectively). Therefore, subjects generated a counteracting torque at similar latencies regardless of predictability condition when cues about CM location were given. In contrast, for the no cue experiment, subjects responded at longer latencies when CM location was randomly changed from trial to trial (182 and 258 ms, blocked and random, respectively). These effects can be seen in the time course of peak object roll from one representative subject shown in Figure 5A .
For the verbal cue experiment, the ANOVA showed no main effect of either CM location or predictability condition on time to (Lukos et al., 2007) , verbal cue, and visual cue; top, middle, and bottom rows, respectively]. Data from blocked and random CM presentation are shown on left and right columns, respectively. Dashed and solid vertical lines denote object lift onset and average end of lift, respectively (for details, see Lukos et al., 2007) . Data are aligned with respect to object lift onset. Positive and negative values denote object rolls toward the subject's fingers and thumb, respectively (see Fig. 1A ). B shows peak object roll averaged across all subjects (Ϯ SE) for each predictability condition and experiment. **p Ͻ 0.001, significant main effect of predictability condition. Figure 6 . Distributions of peak object roll as a function of object CM location. The trial distributions of peak object roll for no cue (Lukos et al., 2007) , verbal cue, and visual cue experiments (top, middle, and bottom rows, respectively) were pooled across all subjects and binned at 4°intervals. Note, however, that statistical analysis was performed on the peak roll distributions from each subject. The vertical line (0°) denotes gravitational vertical (the bin labeled 0°represents the number of trials characterized by peak object rolls of Ϯ2°). Negative and positive object rolls indicate rolls to the left (thumb side) and right (finger side), respectively (Fig. 1A) .
peak object roll, but it revealed a significant interaction between these two factors (F (2,80) ϭ 3.35, p Ͻ 0.05). When subjects were given a visual cue about CM location, we found a main effect of CM location caused by longer latencies when the CM was on the left or right compared with the center (F (2,94) ϭ 9.73, p Ͻ 0.01). No significant main effect of predictability condition or interaction between CM location and predictability condition was present. Post hoc analyses revealed no significant differences for any CM location for either cue experiment.
The no cue experiment ANOVA revealed a main effect of CM location (F (2,106) ϭ 14.75, p Ͻ 0.001) and predictability condition (F (1,53) ϭ 66.72, p Ͻ 0.001) and a significant interaction between these two factors (F (2,106) ϭ 5.85, p Ͻ 0.01). Post hoc analysis showed that time to peak object roll was significantly longer in the random versus blocked condition when CM was located on the left (291 and 192 ms, respectively; p Ͻ 0.001) and the right (285 and 185 ms and, respectively; p Ͻ 0.001) but not when the CM was in the center (199 ms and169 ms, respectively; p Ͼ 0.05).
Across-trial adaptation of contact point modulation
To capture the effect of explicit knowledge of object CM before the acquisition of implicit knowledge, we examined contact point modulation on the first object lift for each experimental condition (practice and first trial for blocked and random conditions, respectively). On the practice trial, the contact point of the index finger in the verbal cue was significantly higher when the CM was on the right compared with the left (F (2,20) ϭ 5.690, p Ͻ 0.05). There were no significant differences found in the blocked condition of the visual cue experiment. For the first trial of the random condition, contact points were modulated between right and left CM locations in the verbal cue and visual cue experiments (verbal cue, F (2, 22) ϭ 4.53, 4.38, and 4.97, for thumb, index, and middle, respectively; visual cue, F (2,22) ϭ 5.59 for the thumb; all p Ͻ 0.05). This pattern of modulation resembles that described for data averaged across all trials for each CM location (Fig. 2) . These results suggest that modulation of contact points to CM in the random condition occurred from the very first object lift when a cue was provided, and thus explicit knowledge alone was sufficient to elicit this anticipatory control.
We found no significant differences in contact points between the first trials of any of the experimental sequences (all p values Ͼ0.40). This result rules out possible effect(s) of learning transfer from one experiment/condition to the next.
Across-trial and -experiment comparisons of object roll minimization As qualitatively described above (Fig. 4) , in the blocked condition, peak object roll on the practice trial was significantly larger than that on the first experimental trial for each experiment (all p values Ͻ0.01) (Fig.  8 A) . Therefore, subjects benefited from experiencing the external torque on the practice trial and were able to quickly adapt their force distribution to reduce object roll in the first experimental trial. However, peak object roll on the practice trial in the no cue experiment was not significantly different from that on the practice trial of either verbal cue or visual cue experiment (both p Ͼ 0.05) (Fig. 8 B) . This indicates that availability of either a verbal or visual cue did not allow subjects to consistently minimize object roll significantly better than when no cue was available. Peak object roll in the practice trial in both cue experiments was significantly greater than that in the first experimental trial of the no cue experiment (Fig. 8C ) (main effect of experiment, both p Ͻ 0.01). Therefore, implicit knowledge of object CM enabled subjects to plan digit forces to object CM more accurately than when they were provided with only explicit knowledge of object CM.
In the random condition, subjects' ability to minimize object roll did not improve significantly as a function of repeated, nonconsecutive exposure to any of the CM locations for all experiments. No significant difference was found in peak object roll on the first versus second and first versus fifth trials for neither cue experiment ( p Ͼ 0.05). Linear regression analyses performed on peak object roll versus trial for each CM revealed nonsignificant relations in Ͼ97% of regressions. Therefore, subjects performed similarly from the first trial onward and thus were unable to retain and/or retrieve sensorimotor information gained through previous yet nonconsecutive trials (Fig. 4, white boxes) .
Last, we performed linear regression analyses of peak object roll versus trial number to assess the existence of possible trends in object roll minimization that might have occurred as a function of practice (i.e., progressively smaller rolls with additional trials). This analysis was performed across all trials throughout the three experiments. Only 4 of 12 subjects exhibited significant negative trends in object roll performance, but the coefficients of determination (r 2 ) of the linear fits were very weak (range of 0.02-0.08). Most importantly, three of these four subjects had started with the no cue experiment whose random condition was characterized by larger rolls than in the cue experiments (Figs. 4,  8) . These analyses rule out significant transfer of implicit knowledge of object CM across conditions or experiments. Variance of peak object roll and minimization within Ϯ2°object rolls. A shows the variance of the peak object roll distributions from individual subjects (each symbol denotes data from one subject) and the mean variance averaged across all subjects (bars) for the no cue (Lukos et al., 2007) , verbal cue, and visual cue (first, second, and third columns, respectively) for each predictability condition. B shows the number of trials characterized by object rolls that were within Ϯ2°from the vertical averaged across all subjects (Ϯ SE). **p Ͻ 0.01.
Discussion
This study quantified the effect of visual and verbal cues about object CM location on anticipatory grasp control. Unlike previous studies, we allowed subjects to choose contact points because we reported recently that anticipatory grasp mechanisms are not limited to force modulation but include modulation of digit placement (Lukos et al., 2007) . We hypothesized that subjects would be unable to use cues to plan digit placement and forces when CM was randomly changed. Surprisingly, this hypothesis was only partially supported by our findings, because cues enabled subjects to change the spatial distribution of contact points to object CM similarly in blocked and random conditions. However, subjects were able to minimize object roll to a greater extent for blocked conditions compared with random conditions even when cues were provided. To the best of our knowledge, this study is the first to provide evidence for separate mechanisms underlying sensorimotor memories of digit contact points and forces for grasping. This dissociation of the effects of cues on grasp kinematics versus kinetics is discussed in relation to neural mechanisms underlying the formation and use of sensorimotor memories. Because the effects of verbal and visual cues were similar, the discussion focuses on subjects' ability to use explicit knowledge regardless of the cue providing knowledge about CM location.
Explicit knowledge does not allow accurate anticipatory force control As hypothesized, in the random condition, explicit knowledge of CM location did not enable object roll minimization, hence accurate anticipatory control of digit forces, to the same extent as the blocked condition. This conclusion is supported by the significant main effect of predictability condition of average peak object roll (Fig. 5B) , analyses of the number of trials characterized by very small rolls (Fig. 7B) , and the adaptation of subjects' ability to minimize object roll (Fig. 8) . For the latter analyses, we found (1) improvement in object roll minimization after acquisition of implicit knowledge regardless of the presence of cues (Fig. 8 A) , (2) similar peak object rolls during the practice trial of cue and no cue experiments (Fig. 8 B) , and (3) greater ability to minimize object roll after acquiring implicit knowledge of CM than on the very first manipulation with explicit knowledge (Fig. 8C) .
These results are consistent with previous reports of subjects' inability to use arbitrary visual or verbal cues to anticipate digit forces as a function of object weight (Flanagan and Beltzner, 2000) . Additionally, Turrell et al. (1999) reported a smaller gain in anticipatory force control as a function of impact force between a hand-held object and a pendulum when impact magnitude was verbally cued than when learned through practice. Similarly, Salimi et al. (2003) reported that subjects' were unable to use visual cues about object CM for planning asymmetrical partitioning of digit forces. However, when subjects lifted a rotated L-shaped object for the first time after consecutive practice with the opposite CM location, forces were partitioned asymmetrically between the thumb and index finger. Yet, this effect of geometric cue was not as effective in eliciting accurate partitioning of digit forces as consecutive practice, this being indicated by significantly greater object rolls in the former condition (Salimi et al. 2003) .
In contrast to the above studies, others have shown that subjects were able to use arbitrary visual cues about object weight to properly scale digit forces (Cole and Rotella, 2002; Nowak et al., 2007; Ameli et al., 2008; Chouinard et al., 2005) . However, differences in the object property studied (i.e., CM vs weight) and the order of presentation of object properties might underlie some of the opposing results and thus prevent a direct comparison across studies. For example, in the study by Nowak et al. (2007) , alternating two object weights on every trial could have allowed subjects to more easily predict the upcoming object weight, hence weakening the effect of object weight changes. Therefore, the cause(s) underlying the dis- Figure 8 . Object roll minimization on practice trial and first experimental trial. Row A shows peak object roll during the blocked condition measured on the practice trial versus the first experimental trial for the no cue, verbal cue, and visual cue experiments (P no vs 1st no , P verbal vs 1st verbal , and P visual vs 1st visual , respectively). Row B shows peak object roll during the blocked condition measured on the practice trial of the no cue experiment plotted against the practice trial of verbal cue and visual cue experiments (P no vs P verbal and P no vs P visual , respectively). Row C shows peak object roll during the blocked condition on the practice trial of the verbal cue and visual cue experiments plotted against peak object roll measured on the first experimental trial of the no cue experiment (P verbal vs 1st no and P visual vs 1st no , respectively). Each point represents individual trial data from each subject and CM location. The diagonal line shown in each plot is the unity line (shown in the inset as y ϭ x) denoting equal peak object roll for trials across different conditions and/or experiments. Shaded regions in the inset denote areas in the plots associated with adaptation of peak object roll (i.e., ability to minimize object rolls) occurring from practice trial to first experimental trial (row A), on practice trial without versus with cues (row B), and on the practice trial with cues versus first experimental trial of the no cue experiment (row C).
